We have performed a parametric investigation of the anodic oxidation of highly doped n-type InP͑100͒ using a pulsed current source. Approximately 75% of the oxide growth took place within the first ϳ10 s of oxidation, and the equilibrium oxide thickness was reached soon thereafter. The oxide thickness, d ox , varied linearly with potential difference between electrodes, V, with d ox Ӎ 1 nm/V. This value could be as high as ϳ1.85 nm/V when optimum conditions are used for anodization. We have also correlated d ox with the maximum current density, J max , and observed an exponential dependence. Furthermore, d ox increased slowly with the increasing duty cycle, , of the pulse train and reached a maximum for ϭ 4/6. Highly symmetrical structures consisting of pyramid-shaped protrusions located at the center of circular walls were observed on oxidized surfaces by atomic force microspcopy. To the best of our knowledge, this is the first report of such topographical features on electrochemically oxidized InP surfaces.
The integration of optoelectronic devices based on planar configurations may only be realized if suitable methods are available to form insulating oxide layers of acceptable qualities on the surfaces of III-V semiconductors. In this respect, much research has been performed in the past decades to investigate the formation of native oxides on both GaAs and InP, and their related alloys. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Those studies have used a constant current source for anodization, and investigated mostly the electrical 1, [6] [7] [8] 11 and compositional characteristics 3, 4, [8] [9] [10] [11] and surface morphology 1, 5, 7, 9, 11 of the oxidized semiconductor surfaces. Furthermore, some of those studies have provided much information on the mechanism of electrochemical oxidation of III-V compounds, [1] [2] [3] 7, 12 and also highlighted the differences between anodization of GaAs and InP. 12 More recently, pulse anodic oxidation with constant voltage sources have been used to grow native oxides for III-V semiconductor device fabrication. [13] [14] [15] [16] [17] Pulsed anodization produces uniform oxides at growth rates 10 times faster than anodization with constant voltage sources at room temperature.
14 AlGaAs diode lasers fabricated with pulsed anodic oxides had threshold currents substantially lower than lasers fabricated with SiO 2 . 13 Pulsed anodization of GaAs has successfully been used to achieve impurity-free interdiffusion of GaAs/AlGaAs quantum wells. [15] [16] [17] Moreover, oxides formed on (AlGa) 0.5 In 0.5 P have been shown to emit visible light during pulsed anodic oxidation.
14 Despite the promising use of the pulsed anodic technique for optoelectronic devices fabrication, little is known about the properties of pulsed anodic oxides, especially those formed on InP.
In this paper, we report on the parametric investigation of the growth of native oxides formed on highly doped n-InP using pulsed anodic oxidation. We demonstrate for the first time the highly symmetrical features formed on the surface of oxides by atomic force microscopy ͑AFM͒.
Experimental
We have used n ϩ -InP (1 ϫ 10 18 Sn/cm 3 ) wafers with ͑100͒ orientation in this study. Samples of area 4.5 ϫ 4.5 mm were pulsed anodically oxidized at room temperature using the setup described in Ref. 16 and 17 . Apart from some minor differences between the geometry of electrodes, our setup is similar to that described in Ref.
14. Prior to oxidation the samples were etched for 1 min in 5% HF solution, rinsed in deionized water, and blow-dried in N 2 . The electrolyte was a mixture of a solution containing 3% by weight phosphoric acid (H 3 PO 4 ) diluted in a ratio of 1:3 with ethylene glycol. This mixture was buffered as necessary by adding sodium hydroxide ͑NaOH͒ to reach a pH 6.2. The back side and sides of samples were protected from the electrolyte during oxidation. A rectangular current pulse train with a period of 6 ms was used. The potential difference between electrodes, V, could be varied from 60 to 140 V, while the maximum current density, j max , could be changed from ϳ17 to 63 mA/cm 2 . Other parameters that were investigated are anodization time, t (0 s Ͻ t р 180 s), and duty cycle of pulses, (1/6 р р 5/6). The oxide thickness was measured using an Alpha-step stylus profilometer with a resolution of 7.5 nm. The values of oxide thickness reported in this study are averages from five samples. The surface morphology of selected oxide layers was studied by contact mode AFM. AFM was performed under ambient conditions with a Nanoscope III scanning probe microscope using commercial single-beam cantilevers with an integrated Si 3 N 4 tip. Figure 1 illustrates the growth of pulsed anodic oxide as a function of anodization time for V ϭ 80 V, j max ϳ 60 mA/cm 2 , and ϭ 2/6. The data points were collected in three batches ͑different symbols͒ over a period of seven days, and their close overlap is evidence of reproducible oxide growths. Two distinct growth rate regimes can be identified, namely, a linear regime for t Ͻ 15 s ͑marked A͒, within which the growth rate was ϳ8.7 nm/s and ϳ75% of growth took place, and a monotonically decreasing growth rate regime ͑marked B͒ for the longer anodization time when oxide growth tends towards equilibrium. The initial growth rate of ϳ8.7 nm/s is indeed superior to previously reported growth rates of 3.8 nm/min ( j ϭ 0.1 mA/cm 2 ), 12 and ϳ30 nm/min ( j ϭ 2.5 mA/cm 2 ) 7 obtained with constant current sources. The two stages of the anodic oxidation process can be explained as follows. In regime A, the oxide thickness is below the critical thickness (ϳ65-70 nm in Fig. 1͒ that limits the diffusion of oxidizing anions from the electrolyte to the semiconductor surface. This is analogous to a stage of high anodization efficiency as described by Besland et al. 12 Beyond this critical oxide thickness the barrier for diffusing ionic species is progressively heightened leading to a monotonic decrease in growth rate ͑i.e., decrease in anodization efficiency͒. Eventually, equilibrium is reached when the rate of oxide growth is equal to the rate of dissolution of the oxide layer.
Results and Discussion
The voltage dependence of oxide growth for a fixed anodization time, current density, and duty cycle of pulse train ͑t ϭ 30 s, j max Ӎ 60 mA/cm 2 , and ϭ 2/6͒ is depicted in Fig. 2 . The solid line is a least-squares fit to the experimental data, and shows that a growth constant of ϳ1.0 nm/V was achieved for these experimental conditions. This value appears to be lower than the value of 1.65 nm/V reported by Franz, 7 but is comparable to those reported by other authors. 6, 8, 11, 12 However, a growth constant ϳ1.85 nm/V is expected when the optimum growth conditions are used as discussed below. Following the close agreement between our results and those previously reported in the literature, we speculate that the consumption of InP during pulsed anodic oxidation would be in the range 0.5-0.55 nm/V. 6, 11 Figure 3a and b depicts the influence of j max and , respectively, on the growth of pulsed anodic oxides. During oxidation, the current flow in the circuit decreases as the oxide becomes thicker. Hence, it would be more appropriate to plot oxide thickness as a function of the integrated number of charge through the circuit for the fixed anodization time. However, we could not achieve this due to the technical limitation of our setup. Grove et al. 13 have shown that the magnitude of the leading edge of the voltage pulse measured across a 10 ⍀ ͑i.e., analogous to the current pulse through the circuit͒ does not change with time. Hence, we have plotted in Fig. 3a the varia- tion of oxide thickness as a function of the maximum current density, j max . The solid line is an exponential fit to the experimental data, which highlights the trend toward saturation for the higher values of j max . This is consistent with the results in Fig. 1 that most of the oxide growth takes place in a relatively short period of time ͑i.e., regime A in Fig. 1͒ .
The influence of duty cycle of current pulse, , on d ox is illustrated in Fig. 3b for t ϭ 30 s. There is an initial increase in oxide thickness reaching a maximum for ϭ 4/6, and a decrease in d ox thereafter. Note that the oxide layer is approximately twice as thick for ϭ 4/6 than for ϭ 1/6. One explanation for this trend is proposed by considering the energy band diagram of the oxide layer in Ref. 12 . Previous studies have shown that the composition of the anodic oxide depended foremost on the pH of the electrolyte, [6] [7] [8] 10, 12 or the type of complexing agent in the electrolyte. 11 Using an electrolyte with pH Ͼ 3, one would expect a two-layer system composed of an outer indium-rich oxide layer, and close to the substrate, a phosphorus-rich oxide layer. 7, 10, 12 A homogenous oxide layer with a P 2 O 5 /In 2 O 3 ratio larger than one is obtained in an electrolyte of pH Ͻ 2.5, since In 2 O 3 dissolves out of the growing oxide layer. 8 Such a mechanism is consistent with the Pourbaix diagram which indicates that In 2 O 3 is soluble in aqueous solution with pH Ͻ 2.5. Since the electrolyte used here has pH 6.2, we may expect our pulsed anodic oxides to be a two-layer system, and hence, consider the band diagram of the oxide in Ref. 12 . The increase in oxide thickness with the increasing duty cycle reflects an increase in anodization efficiency as more oxidizing anions reach the InP surface. Electrons are generated in the electrolyte by oxidation of water or other species. Since the bandgap of the outer indium-rich oxide is smaller than that of the inner phosphorus-rich oxide, the energy barrier for an electron going from the electrolyte toward the oxide is lower for the outer layer than for the inner layer. We propose that a critical point is reached for Ͼ 4/6 when the ratio of number of electrons to oxidizing anions becomes large enough to decrease the anodization efficiency. A combination of the results shown in Fig. 2 and 3b indicates that a high oxide growth of ϳ1.85 nm/V can be achieved when using the optimum growth conditions.
Surface topography of selected pulsed anodic oxides formed on
InP.-Note here, that though several authors have previously studied the surface morphology of electrochemically deposited oxides of InP and related alloys, 5, 7, [9] [10] [11] no studies have, to the best of our knowledge, investigated the topography of pulse-formed oxides on InP. Figures 4a and b show the three-dimensional AFM images of the surface of pulsed oxides following 2 and 30 s anodization, respectively. The dimensions of the AFM scans have been adjusted to highlight the time evolution of typical topographical features consisting of cone-shaped pyramids encircled by walls. These features were distributed randomly on the surface of the two samples. To the best of our knowledge, this is the first study to report these highly symmetrical topographical features on the surface of pulsed anodic oxides of InP. It is pointed out here that the bare InP surfaces were featureless ͑not shown͒ with a root-mean-square roughness, R rms ϳ 0.34 nm. Previous studies have reported blister-like features on the surface of anodic oxides of InP. 5, 7, 9, 11 The scanning electron microscopy results of van de Ven et al. 11 suggested that the blisters were formed in the aging process, whereas Fathipour et al. 9 ascribed blister formation to the oxidation process itself. Although we do not know the origin of the features shown in Fig. 4 , we can attribute them to the anodization process.
The successful application of anodic oxides of InP as insulating layers in devices requires that the composition, electrical property, thermal stability and aging of the native oxide be known. These factors are currently being investigated and the results are beyond the scope of this letter. We are also performing optical characterization of the nanofeatures on anodized layers, especially given the recent interests in the blue-green photoluminescence from In 2 O 3 nanoparticles. 18, 19 These results will be reported elsewhere.
Conclusion
We have investigated the pulsed anodic oxidation of highly doped n-type InP͑100͒. A two-growth rate regime has been identified for the anodization process. An initial rapid and linear growth regime (ϳ8.7 nm/s) is followed by an equilibrium stage. The oxide thickness, d ox , varied linearly with potential difference between electrodes, V, while it increased exponentially with the increasing maximum current density, J max . Furthermore, d ox increased slowly with the increasing duty cycle, , of the pulse train and reached a maximum for ϭ 4/6. Based on the present parametric investigation, we believe that an optimum oxide growth ϳ1.85 nm/V could be achieved using pulsed anodic oxidation. Highly symmetrical structures consisting of cone-shaped protrusions located at the center of circular walls were observed on oxidized surfaces by AFM. These characteristic features have been reported for the first time and need further investigation. . Selected three-dimensional AFM images showing the surface morphology of ͑a͒ oxide immediately after 2 s anodization, and ͑b͒ sample oxidized for 30 s. Oxide layers were formed using V ϭ 80 V, j max ϳ 60 mA/cm 2 , and ϭ 2/6. The dimensions of micrographs are adjusted to highlight the symmetrical structures consisting of cone-like pyramidal protrusions located at the center of circular walls found on the surface of the pulse-formed oxides.
